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An HRTEM study was carried out to understand the extent of amorphization in graphene after 6 s of plasma treatment ( fig. S2 ). The image suggests that even after 6 s plasma treatment, there is no significant amorphization of graphene, although 2-5 nm sized nanopores are generated because of plasma-led etching. We note that for HRTEM sample preparation (see below), graphene was heated to 700 o C, and therefore we could not detect plasma generated sp 3 -defects on graphene.
For HRTEM characterization, graphene was transferred onto a quantifoil TEM grid by a NPC film assisted transfer method. Briefly, a thin NPC film was formed on top of graphene via spincoating of polymer solution and subsequent pyrolysis. Different with the conditions for graphene membrane preparation, 0.1 g poly(styrene-b-4-vinyl pyridine) and 0.05 g turanose were used in the polymer solution, and pyrolysis was done at 700 o C to obtain a NPC film with much higher porosity. One drop of solution was used for spin-coating to obtain ultrathin NPC film. The graphene/NPC film was transferred to a TEM grid. Aberration-corrected (Cs) HRTEM was performed using a double-corrected Titan Themis 60-300 (FEI) equipped with a Wein-type monochromator. HRTEM images were post-treated with Bandpass and Gaussian filters.
Note S2. Calculation of activation energy.
The permeance of gas through graphene nanopores, in the activated transport mode, can be expressed with the following equation:
where C 0 is the pore-density, A is the pre-exponential factor, E act is the activation energy to translocate the pores, E sur is the energy of adsorption on the graphene pore, R is the gas constant, T is the operation temperature.
By linear fitting of lnP and 1/T, the apparent activation energy The nanopores in graphene membrane can be roughly grouped into two categories: the large nanopores contributing to the effusive transport, and the molecular-selective pores contributing to the activated transport. The transmission coefficient for gas molecules (H 2 , CH 4 , C 3 H 8 and SF 6 ) from a large nanopore (10 -19 -10 -18 mol s -1 Pa -1 ) is several orders of magnitude higher than that from a molecular-selective pore (< 10 -22 mol s -1 Pa -1 ).
(1, 2, 6) Therefore, we can expect that the percentage of large pores in the graphene membranes is rather low, otherwise the gas selectivities will not be far above the corresponding Knudsen selectivities. Typically, the H 2 and CH 4 permeances from the graphene membrane of can be written as
where is the permeation coefficient for the effusive transport, is the permeation coefficient for the activated transport. and correspond to the density of pores contributing to the effusive and the activated transport, respectively. The gas selectivity 2 / 4 can be written as 
Similarly, H 2 /C 3 H 8 and H 2 /SF 6 selectivities can also be expressed as a function of the pore-density ratio.
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For the effusive transport through a certain large pore, the permeation coefficient is proportional to m -1/2 , where m is the molecular weight of the gas. By plugging the data into the equations S5-S7, we can get the correlations between pore density ratios and gas selectivities as following: ) (S10)
Based on above, we can get the estimated percentage of the non-selective nanopores for different gas molecules in graphene (table S4 and table S8 ).
Note S4. Estimation of the defect density from Raman.
In the low-defect-density stage of graphene, the average distance between defects, L d , can be calculated from the following relation: (22, 23)
where λ is the Raman excitation wavelength (457 nm in our case).
In the high-defect-density stage, the relationship between I D /I G and L d conforms to the following equation: (22, 23)
where D(λ) can be obtained by imposing continuity between the two stages (~0.055 nm -2 in our case). 
The defect density of graphene membrane with intrinsic defects is estimated to be 1.5×10 10 cm -2 , which increases by about 20 times to 3.0×10 11 cm -2 after exposure to O 2 plasma for only 1 s, confirming the rapid formation of abundant nuclei during the plasma treatment. After further 1 s plasma exposure, the defect density continues to increase to 5.7×10 11 cm -2 .
After exposing the 1 s plasma graphene to O 3 at 150 o C for 10 s, the I D /I G changed to 0.82±0.02, while I 2D /I G decreased to 0.35±0.05. According the equation S12 and S13, the defect density can be estimated to be 2.1×10 12 cm -2 (2.1 pores/100 nm 2 ). fig. S4 , the O 3 concentration keeps at 0 g Nm -3 at first, and then shows a sharp increase beyond 35 s.
Note S6. Desorption of contaminants before permeation test.
Typically, atmospheric contaminants adsorb on the graphene lattice during the membrane fabrication steps (etching of Cu, rinsing, drying, etc.). As a result, the as-prepared membranes are often clogged, however, the contaminants can be easily desorbed by simply heating the membrane in an oven under a gas flow at 150 ºC for 30 min. For example, fig. S6A reveals the permeation data (H 2 and CH 4 permeances and the corresponding H 2 /CH 4 selectivity) of the membrane M14 prepared by the 1 s plasma treatment. The as-synthesized membrane yielded lower than expected permeances at 30 ºC, attributing to the contaminant-led clogging. However, after a short heattreatment at 150 ºC, the H 2 permeance at 30 ºC increased 4-fold from 56 GPU to 216 GPU, while the H 2 /CH 4 selectivity also increased from 5.9 to 7.3. After removing the contaminants, the membrane performance remained stable for the duration of testing (60 hours, fig. S6B ). 
